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Abstract

Classical trajectory simulations are used to investigate reactions of HCl and Ar–HCl with atomic oxygen in its ground
and first excited states. We focus on the effects of complex formation on reaction cross sections and product state
distributions over a range of collision energies. At low collision energies, the argon atom inhibits the formation of the
H–O–Cl collision complex and lowers the reaction cross sections. At higher collision energies, the argon atom removes
energy from the collision complex, thereby lowering the effective collision energy and increasing the cross sections for
reaction. In general, the product state distributions, resulting from reactions of complexes, are shifted to lower energies than
the product state distributions of corresponding OqHCl reactions. q 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

Over the past twenty-five years, experimental and
theoretical approaches have been developed to the

Ž .point that a variety of atom plus diatom AqBC
reactions have been mapped out very accurately
w x1–3 . While much can be learned from these studies
most chemistry, in the laboratory and in nature, is
more complicated. For example, the reactants and
products usually contain more than three atoms,
often more than two molecules are involved in the
reaction and typically reactions take place in the
presence of other, chemically inert, molecules rather
than in vacuum. If we can understand how the
evolution of a simple system from reactants to prod-

1 Corresponding author.

ucts is affected by interactions with even one chemi-
cally inert moiety we will have achieved an impor-
tant first step in the overall goal of understanding
how solvation affects chemical reaction dynamics.

Laboratory studies have demonstrated that the
incorporation of one or both of the reactants of a gas
phase reaction in a cluster can change the products

w xfor that reaction 4,5 . For example, putting the
reactants into a cluster can facilitate an otherwise
forbidden process, as is the case for low energy

Ž3 . w xcollisions of O P and HCl 6 and in methane
q w xactivation by Rh Ar clusters 7 or it can close an m

reactive pathway, as in the electronic predissociation
Ž 2 q. w xof HS A S in Ar–HS complexes 8–10 . Changes

in the rates of important atmospheric processes by
incorporation of at least one of the reactants into a
cluster can have a profound impact on the predicted

w xchemistry 11 .
In the present study we use classical trajectory

simulations to investigate the effect of complex for-
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mation on the dynamics and product state distribu-
tions of the reactions:

1 2 2O D qHCl™OH P qCl P R1Ž . Ž . Ž . Ž .
2 2™OCl P qH S R2Ž . Ž . Ž .

3 2 2O P qHCl™OH P qCl P R3Ž . Ž . Ž . Ž .
over a range of collision energies. In previously
reported classical studies of these reactions at 1 eV

Ž .collision energies, we found that in reactions R2
Ž .and R3 complexing HCl with one argon atom led

to less angular momentum in the diatomic product.
In contrast, the vibrational and angular momentum

Ž .distributions of the OH formed by reaction R1
were not affected by the presence of an argon atom
w x12 . These results were rationalized in terms of the
relative lifetimes of the H–O–Cl collision complex
and the van der Waals complex. The shorter lived
the van der waals complex, relative to the lifetime of
the collision complex, the smaller the effects of
complexation on the angular momentum and vibra-
tional energy distributions. The lifetimes can, in turn,
be related to the energetics of the reactions, dis-
played in Fig. 1. These plots are based on the
Ž3 .O P qHCl potential of Koizumi, Schatz and Gor-

w x Ž1 .don 13 and the O D qHCl potential of Schinke
w x Ž .14 . According to these potentials, reaction R1 is
exothermic by 2 eV, with a strongly bound HOCl

Ž .complex, while reaction R2 is endothermic by 0.3
eV and may proceed either by going through the
HOCl complex or by forming a H–Cl–O collision
complex, which is 1 eV higher in energy than the

Ž .reactants. Finally, reaction R3 is thermoneutral and
has a barrier of approximately 0.45 eV.

It should be noted that there is some uncertainty
Ž . w xthe correct barrier height for reaction R3 15,16,13

Ž .and reaction R2 should be slightly exothermic
w x14,17 , but given the differences in the energetics of

Ž . Ž .reactions R1 – R3 , they provide a laboratory in
which classical mechanics can be used to investigate
some of the effects of complex formation on reaction
dynamics. By comparing the results for reactions of
HCl and Ar–HCl, we can begin to map out ways in
which the introduction of a single chemically inert
species alters the reaction dynamics and product
state distributions.

The remainder of the paper is organized as fol-
lows. In Section 2, we describe the classical trajec-

Ž . Ž3 . Ž . Ž1 .Fig. 1. The energetics of the reactions of a O P and b O D
with HCl. The reported energies are based on the Koiozumi,

w x w xSchatz and Gordon 13 and Schinke 14 , potentials, respectively.
All energies are reported in eV the energy of the reactants define
the zero in energy.

tory simulations and potential energy surfaces used
in this study. The reaction cross sections and product

Ž . Ž .state distributions for reactions R1 – R3 are pre-
sented and the effects of collision energy on these
quantities is discussed in Section 3. Finally, the
results are summarized and conclusions are drawn in
Section 4.

2. Methods

w xIn this study, we employ quasi-classical 18,19
trajectory simulations to investigate the dynamics of
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collisions of atomic oxygen and HCl. Classical ap-
proaches have long been recognized to display seri-
ous deficiencies when used to describe hydride trans-

w xfer reactions 20,21 . In particular they cannot prop-
erly treat tunneling or zero-point effects. Here we
will focus on relatively high collision energies, 1–3.5

Ž3 .eV for the O P q HCl reactions and 0.25–3.5 eV
Ž1 .for the O D q HCl reactions, where classical

approaches can be expected to provide a reasonable
w xdescription of the dynamics 20 .

2.1. Initial conditions

We initiate the oxygen q Ar–HCl trajectories
with Ar–HCl in its ground rotationrvibration state.
This is achieved by running a long time, 500 ps,
trajectory of Ar–HCl with HCl in its equilibrium
configuration and zero-point energy in the inter-
molecular vibrational modes so that the total energy
of the system is 57 cmy1 above the Ar–HCl mini-

Ž .mum. For these simulations, the H6 3 potential of
w xHutson is used 22 . Because the potential does not

include any explicit couplings between the HCl vi-
brational motions and the intermolecular motions
and because the kinetic coupling is weak, the zero-
point energy remains localized in the intermolecular
motions over these propagation times.

The initial Ar–HCl coordinates and momenta are
randomly sampled from this long time trajectory.
This ensures reasonable sampling of the relevant
Ar–HCl geometries. The HCl bond length is then

˚increased from the equilibrium value to 1.4022 A in
order to put zero-point energy in this mode as well.
Since the HCl vibrations are fast, the results should
not be sensitive to the initial phase of the vibration.
Further, because the trajectories are run for less than
300 fs prior to the collision with the oxygen atom,
we do not expect there will be significant leakage of
zero-point energy from the HCl vibration into the
intermolecular modes of the system. Once a collision
occurs, the total available energy is at least forty
times the binding energy of the van der Waals
complex and it is not expected to survive a collision.

The initial distance between the oxygen atom and
˚the center of mass of the Ar–HCl complex is 10 A.

The impact parameter b and three Euler angles that
describe the orientation of the Ar–HCl are drawn

from random distributions. Here we select the angles
Ž .f and h from a uniform distribution on 0,2p . The

third angle u , which provides the angle between the
relative velocity vector of the oxygen atom and the
vector that describes the location of the argon atom
relative to the center of mass of HCl, is sampled
from the probability distribution:

2
u u

P u s 1y , 4Ž . Ž .ž /sinu p

1r2or usp 1y 1yj , where j is selected fromŽ .
Ž .a uniform random distribution on 0,1 . Finally, the

impact parameter b is taken from the distribution:

2b
P b s 1y , 5Ž . Ž .ž /bmax

1r21r2or bsb 1y 1yj , where b is theŽ .max max

maximum value of the impact parameter used in the
study, the values of which are provided in Table 1.

Ž . Ž .The above choices of P u and P b ensure that
collisions with small impact parameters and near
colinear O–Ar–HCl geometries are favored, but
weighted appropriately.

Reactions without the argon atom are also stud-
ied, for comparison. The same set of initial condi-
tions are used in both ensembles of trajectories al-
though here b,u and f are measured relative to the
center of mass of HCl rather than Ar–HCl. The
product state distributions for these reactions have
been found to be sensitive to the rotational tempera-

w xture of the HCl reactants 14 . To facilitate the
comparison, we use the same initial angular momen-
tum for HCl as is used for the Ar–HCl trajectories.

2.2. Propagations

The potentials that describe the reactions of oxy-
gen with HCl or Ar–HCl are approximated by the

w x w x w xsum of the OqHCl 13,14 , ArH 23 , ArO 24 and
w xArCl 25 potentials which were previously fit to ab

initio and empirical data. These potentials have been
w xdescribed in detail elsewhere 12 . While they do not
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Table 1
Cross sections for products of OqHCl and Ar–HCl reactions.
Unless otherwise noted, all runs are based on 10 000 trajectories

˚with b s7.94 Amax

a bReaction E s s strans OH OCl HOCl

3 cŽ . Ž .O P q 1.00 0.143 0.017 – –
c Ž .HCl 2.00 0.185 0.036 – –
d,e Ž . Ž .3.28 0.084 0.006 0.003 0.000 –

3 c,dŽ . Ž .O P q 1.00 0.106 0.014 – –
c Ž .Ar–HCl 2.00 0.562 0.045 – –
c Ž . Ž .3.28 0.745 0.048 0.004 0.001 –

1Ž . Ž . Ž .O D q 0.25 15.39 0.38 0.269 0.053 –
Ž . Ž .HCl 0.50 11.45 0.33 0.638 0.087 –
Ž . Ž .0.75 10.92 0.32 0.700 0.087 –

c Ž . Ž .1.00 10.23 0.15 0.392 0.034 –
c Ž . Ž .1.50 7.56 0.14 0.392 0.034 –
c Ž . Ž .1.75 6.58 0.13 0.389 0.034 –
c Ž . Ž .2.00 6.25 0.13 0.356 0.031 –
c Ž . Ž .3.28 5.28 0.12 0.132 0.020 –

1Ž . Ž . Ž .O D q 0.25 12.74 0.36 0.050 0.022 –
Ž . Ž . Ž .Ar–HCl 0.50 11.34 0.34 0.532 0.076 0.669 0.090
Ž . Ž . Ž .0.75 10.79 0.34 0.734 0.090 0.406 0.067

cŽ . Ž . Ž .1.00 9.85 0.20 0.605 0.048 0.347 0.045
e Ž . Ž . Ž .1.50 9.59 0.22 0.528 0.050 0.202 0.034
e Ž . Ž . Ž .1.75 8.62 0.22 0.591 0.056 0.182 0.031

cŽ . Ž . Ž .2.00 7.50 0.28 0.602 0.048 0.134 0.039
c Ž . Ž . Ž .3.28 7.26 0.18 0.384 0.036 0.025 0.000

a Collision energy in eV
b y2˚Given in A with one standard deviation given in parentheses.
c ˚Based on a b of 3.97 A.max
d Based on 20000 trajectories.
e ˚Based on a b of 1.99 A.max
f ˚Based on a b of 5.29 A.max

w xreproduce the well-known Ar–OH 26 or Ar–HCl
w x22 van der Waals interactions, we have shown that
they provide a good qualitative description and have
the advantage that they generate an intermolecular

w xpotential that is smooth everywhere 12 . Although
two electronic states of oxygen are considered in this

Ž1 . w xstudy, the O D surface of Schinke 14 , and the
Ž3 .O P surface of Koiozumi and coworkers, all propa-

gations are run on a single OqHCl potential surface
Ž1 . Ž3 .and crossing between the O D and O P surfaces

is not included in the simulations. Finally, the trajec-
tories are run using a Gear, predictorrcorrector

w xpropagator 27 .

2.3. Analysis of the results

From the outcomes of the trajectories, we can
classify the products into one of four general chan-
nels, depending on the relative bond lengths:

OqHCl™OqHCl)

™OHqCl
™OClqH
™HOCl

where the ) on the HCl product is used to indicate
vibrational excitation. The HOCl product is said to
be formed when the average of the HCl, OCl and

˚OH distances is smaller than 2.65 A at the end of the
propagation. If the distance between the argon atom
and the center of mass of either of the two products

˚is smaller than 4.25 A, that product is taken to be in
a complex with argon. These represent metastable
states that will eventually dissociate.

The results are analyzed in terms of the relative
cross sections. We evaluate the cross sections for
product channel a from:

Na1
X

s s w 6Ž .Ýa iN is1

where N is the total number of trajectories run,
typically 10 000 and, based on the distributions in

Ž . Ž .Eqs. 4 and 5 ,

p p 4sin u b4Ž .i max
w s . 7Ž .i 2 22 216 b ybu p yuŽ . max ii i

Ž .The prime on the summation in Eq. 6 is used to
emphasize that this sum is over only the N trajecto-a

ries that end up in product channel a . All other
distributions, e.g. lifetimes, vibrational energy, angu-
lar momentum, are calculated in terms of the relative
cross section:

Na1
XP a s a w . 8Ž . Ž .Ý i iNsa is1

3. Results and discussion

(1 )3.1. O D qHCl™OHqCl

3.1.1. Cross sections
As is shown in Fig. 1, this reaction is exothermic

by approximately 2 eV and proceeds through the
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formation of a strongly bound HOCl complex. Given
the energetics of this reaction, we expect that the
cross section will decay approximately exponentially

w xwith collision energy 28 . The calculated cross sec-
tions for eight collision energies between 0.25 and
3.5 eV are reported in Table 1 and plotted with open
squares in Fig. 2. We fit these points to the excita-
tion function,

s E sC eym E , 9Ž . Ž .
˚2 y1with Cs15.81 A and ms0.465 eV . The func-

tion also reproduces the cross sections reported by
w xSchinke 14 , plotted with diamonds in Fig. 2. The

cross sections for OH formation from reactions of
Ž1 .O D with Ar–HCl are plotted with filled squares.

˚2Ž .These were also fit to Eq. 9 , with Cs12.70 A
and ms0.214 eVy1.

An interesting feature of the cross sections for
these reactions is that while at lower collision ener-
gies the cross section for the reaction with Ar–HCl,
s AryHCl, is smaller than that for reactions of HCl,OH

s HCl, at higher energies, s AryHCl )s HCl. To un-OH OH OH

derstand the observed trends, we need to consider
three effects of the argon atom to the system. First,
the introduction of the argon atom increases the
effective size of the complex. This can be seen by
comparing the two panels of Fig. 3, where the

Fig. 2. The cross sections for OH formation from the reaction of
Ž1 .O D with HCl and Ar–HCl. Results for collisions of HCl are

Ž . Ž w x.represented by I present work and e Ref. 13 . Reactions
with Ar–HCl are shown with B. The two data sets were fit to
excitation functions, described in the text. All error bars represent
an uncertainty corresponding to one standard deviation.

Ž1 .Fig. 3. Contour plots of the potential felt by O D in the presence
Ž . Ž .of a HCl and b Ar–HCl in their equilibrium configurations. In

both plots, the hydrogen atom is located at the origin, chlorine on
the y x axis and, in the lower panel, argon is on the q x axis.
The maximum energy contour is at y10000 cmy1 and contours
are plotted in increments of 2500 cmy1.

Ž1 .potential energy felt by the O D atom is plotted
Ž . Ž .when a HCl and b Ar–HCl are in their equilib-

rium configurations. As can be seen by comparing
the dotted contours at y11 500 cmy1, the Ar–HCl
complex is more than twice the size of HCl. This
increase in size should increase the cross section.
One must also consider the fact that the argon atom
will remove a fraction of the collision energy from
the collision complex. For this reaction, we find that,
on average, the argon atom leaves with 15 to 20% of
the initial relative translational energy. This will
lower the energy available for the OqHCl reaction,
having a similar effect as lowering the collision

Ž .energy. Since, according to Eq. 9 , the cross section
decreases with increasing collision energy, this effect
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will also lead to an increase of s AryHCl, comparedOH

to s HCl. Finally, the argon atom can block theOH

formation of the collision complex. This effect can
be seen by comparing the size and depths of the
wells on the hydrogen end of the HCl molecule in
Fig. 3. When zero-point energy in the Ar–HCl bend
is considered, the argon atom may completely block
one of these wells, inhibiting complex formation and
lowering the cross section.

Given the observed relative trends in s HCl andOH

s AryHCl, we believe that the steric effects representOH

the dominant effect of the introduction of an argon
atom when the collision energy is low. At the highest
collision energies, we find that

HCl AryHCl ² :s E fs Ey E 10Ž . Ž .Ž .OH OH Ar

² :where E is the average kinetic energy of theAr

argon atom for these collisions. This leads us to
conclude that the energetic effect of the argon atom
is more important than the size effect for this particu-
lar reaction. Similar behavior has been observed by
Varandas and co-workers in their studies of reactions

w xof H with Ar–O 29 .2

3.1.2. OH product state distributions
Next we investigate the vibrational and angular

momentum distributions of the OH products, plotted
in Fig. 4 for collision energies of 0.5, 1.0 and 2.0
eV. In classical mechanics, vibrational energy and
angular momentum are continuous, whereas in quan-
tum mechanics energy and angular momentum are
both quantized. Quantum number assignments are
made for the diatomic product in each classical
trajectory by determining the quantum state that is
closest in energy and angular momentum to the
classical values. The sums of the cross sections of all
trajectories that result in the formation of OH in the
same quantum state are plotted in Fig. 4. As can be
seen in the plots in the left panels of Fig. 4, these
distributions are nearly identical for the 0.5 eV colli-
sion energies and are shifted by approximately one
quantum of vibrational energy for the 1 and 2 eV
collisions. The observed shift of the vibrational en-
ergy distributions of the OH products that are formed
when HCl is complexed with an argon atom results
from approximately 15–20% of the collision energy
being expressed as kinetic energy of the departing

Ž1 . Ž . Ž . wŽ . Ž .x wŽ .Fig. 4. Relative cross sections for the OH products of the O D qHCl I and Ar–HCl B reactions at 0.5 eV a and b ; 1 eV c and
Ž .x wŽ . Ž .xd and 2 eV e and f collision energies. The left column provides the vibrational distributions and the panels on the right give the
angular momentum distributions, described in the text.
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argon atom leaving less energy to the OH vibration.
While for a 0.5 eV collision energy, this corresponds

y1Ž .to a loss of 900 cm fv r3 , at 2.0 eV collisionOH

energy the argon atom leaves with, on average, 2850
cmy1.

Ž . Ž . Ž .In panels b , d and f of Fig. 4, we compare
the rotational distributions of the OH products. To

² :Ž .condense the information, we have plotted j nOH

as a function of n , and the error bars, d , providesOH

the widths of the angular momentum distributions,

22² : ² :(ds j y j . 11Ž .
To aid the reader in understanding this notation, in
Fig. 5, we have plotted the full rotational distribu-
tions for the 0.5 eV collisions when n s1,3,5. ForOH

n s 1 and 5, the two rotational distributions areOH

nearly identical, within their uncertainties. This leads
to the exact overlap of these two points and their

Ž .error bars in Fig. 4 b . In contrast, for n s3, theOH

center of the rotational distribution for the reaction
with Ar–HCl is shifted to lower j and the distribu-OH

tion is slightly narrower.
The summarized results, plotted in Fig. 4, show

that for lower collision energies, the angular momen-
tum distributions are not significantly affected by the
introduction of an argon atom, but when we increase
the collision energy, the rotational distributions that
correspond to n F5 are cooler and narrower forOH

the collisions with Ar–HCl. As with the vibrational
distributions, this shift can be rationalized in terms of
the increase in the magnitude of the average kinetic
energy of the departing argon atom as the collision
energy increases. Finally, the angular momentum
distributions, plotted in Fig. 5, tend to become nar-
rower and move to lower values of j . In Fig. 4,OH

Ž3 .Fig. 6. Same as Fig. 2, but for the reaction of O P with HCl and
Ar–HCl.

² :this is represented by the negative slope of the jOH

versus n plots and in the decrease in d withOH

increasing n .OH

( 3 )3.2. O P qHCl™OHqCl

3.2.1. Cross sections
Ž1 .In contrast to the O D qHCl reaction, de-

Ž3 .scribed above, the O P qHCl™OHqCl reaction
is approximately thermoneutral with a barrier of 0.45
eV, and the reaction is classically forbidden for
collision energies below 0.45 eV. As such, the exci-

w xtation function is expected to take the form 28 :
n ymŽEyE .ths E sC EyE e . 12Ž . Ž . Ž .th

The cross sections for this reaction are given in
Table 1 and are plotted in Fig. 6. The curves are

Ž .given by Eq. 12 with E taken to be the differenceth

Ž . Ž . Ž . Ž1 .Fig. 5. Angular momentum distributions of the OH products that correspond to n s a 1; b 3 and c 5 for 0.5 eV collisions of O DOH
Ž . Ž .q HCl I and Ar–HCl B .
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between the barrier height and the zero-point energy
of HCl, and C,m and n are chosen to reproduce the

Ž .three values of s E given in Table 1. ClearlyOH

with as many parameters as data points, we have no
way to check the reliability of the parameters in Eq.
Ž .12 , but we can investigate general features of the
two curves.

Ž1 .As in the O D qHCl reaction, at low collision
energies s HCl )s AryHCl, while at higher energiesOH OH

s AryyHCl is larger. We can invoke the three effectsOH

of the argon atom, described above. For low colli-
sion energies, steric effects appear to dominate. This
is not surprising because the transition state for this
reaction corresponds to a 1358 O–H–Cl angle,
whereas the minimum energy geometry of Ar–HCl
has a 1808 Ar–H–Cl angle. This puts the argon atom
at a favorable position to block access to the transi-
tion state. Since the cross section for OH formation
is as much as four times larger for collisions with
Ar–HCl than with HCl, we conclude that at higher
collision energies the increase in the size of the HCl
complex is an important factor in the increase in the
cross section. Finally, the shift in the peak in the

excitation function can be attributed to the loss of, on
average, 10% of the collision energy to translation of
the argon atom.

3.2.2. OH product state distributions
Comparison of the vibrational and angular mo-

mentum distributions, plotted in Fig. 7, shows that
the vibrational energies are colder by approximately
one quantum and the angular momentum distribu-
tions are, in general, broader and colder for the
reactions with Ar–HCl. The effect becomes more
pronounced at higher collision energies. In these
reactions, there are two effects that are leading to the
cooler rotational distribution from the reaction with
Ar–HCl. First, the argon atom will remove kinetic
energy from the O–H–Cl system, thereby reducing
the total energy available to the OH products. This
mechanism tends to reduce the energy that is ex-
pressed both in rotation and vibration of the diatomic
product. The second mechanism comes from the fact
that there is a barrier to the reaction. Therefore, for
low to moderate collision energies, the OH and
chlorine atom are separating faster than the OH and

Ž3 . Ž . Ž . wŽ . Ž .xFig. 7. Product state distributions for the OH products of the O P qHCl I and Ar–HCl B reactions at 1 eV a and b and 2 eV
wŽ . Ž .xc and d collision energies. The left column provides the vibrational energy distributions and the panels on the right give the angular
momentum distributions, described in the text.
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argon atom. As a result, energy can be transferred
from the rotation of the OH product to translation of
the argon atom. The effectiveness of this second
mechanism will decrease with increasing total en-
ergy as the higher the collision energy the faster the
complex will fall apart and the smaller the time over
which energy can be transferred. Therefore, while at
lower collision energies, the OH product has statisti-
cally less energy in rotation and vibration than in
translation, at larger collision energies the vibrational
energy and angular momentum distributions ap-
proach the statistical limit.

(1 )3.3. O D qHCl™OClqH

3.3.1. Cross sections
Finally we investigate the effects of the introduc-

Ž .tion of an argon atom to reaction R2 . This reaction
is complicated by the fact that at low collision
energies the reaction proceeds through the strongly
bound HOCl complex, but, in contrast to the OH
product channel, is endothermic by approximately
0.325 eV. When the system is initiated with 1.0 eV
of excess energy a second channel is opened in
which an H–Cl–O transition state complex is formed.
In Table 1, we report the cross sections for this
reaction at 8 collision energies. We find that these
cross sections can be modeled by a pair of excitation

Ž .functions of the form of Eq. 12 with E s0.325th

and 1.0 eV. These functions and the cross sections
Ž3 .are plotted in Fig. 8. As in the O P qHCl reaction,

the number of parameters barely exceeds the number
of calculated cross sections and we use these models
only to make qualitative comparisons between the
trends in the cross sections for the reactions with
HCl and Ar–HCl.

Comparing the results for HCl and Ar–HCl, we
find that at low collision energies, the differences
can be accounted for by recognizing that, on aver-
age, 15% of the difference between the collision
energy and the endothermicity of the reaction is
expressed as translational energy of the argon atom.
In other words,

HCl AryHCl ² :s E fs Ey E . 13Ž . Ž .Ž .OCl OCl Ar

The differences in the higher energy excitation func-
Ž3 .tion are due to two factors. First, as in the O P q

HCl reaction, the increased size of the collision

Fig. 8. The cross sections for OCl formation from the reaction of
Ž1 . Ž . Ž .O D with a HCl and b Ar–HCl. Results of the present work

are represented by B and e provide the results reported in Ref.
w x13 . The two data sets were fit to the sum of two excitation
functions, as described in the text, where the dashed lines provide
the two contributions that add to give the excitation function,
plotted with a solid line. To facilitate comparison, the excitation
functions for the OqAr–HCl and OqHCl reactions are plotted

Ž . Ž .with a dotted lines in a and b , respectively.

partner may lead to a larger collision probability. In
addition, for collision energies above 2 eV, the sys-
tem has sufficient energy to dissociate into OqClq
H. For these energies, the loss of kinetic energy to
the argon atom effectively closes this reaction path-
way, thereby significantly increasing the cross sec-
tion for OCl formation.

3.3.2. OCl product state distributions
In Fig. 9, we plot the product state distributions

for this reaction. At lower collision energies, the
vibrational distributions are only slightly affected by
the introduction of the argon atom, similar to the
vibrational energy distributions for the OH products
of these collisions. In contrast, here the angular
momentum distributions of the OCl products are
broadened and shifted to lower j .OCl

The observed distributions can be rationalized in
terms of the dynamics of this reaction. At lower
collision energies, EF1 eV, only the endothermic
channel is opened. Therefore, in order to form OCl,
most of the available energy must go into the H–OCl
dissociation coordinate. This will result in very cold
vibrational distributions. Since the argon atom re-
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Fig. 9. Same as Fig. 4, but for the OCl products.

moves, on average, 15% of the excess energy, both
the vibrational and rotational energy distributions
will be colder when an argon atom is present and
because the reaction proceeds through a strongly
bound complex the energy is distributed statistically.
The width of the OCl rotational distributions can be
seen to result from the width in the velocity distribu-
tion of the departing argon atom.

At higher collision energies, the direct channel, in
which the reaction proceeds over a H–O–Cl transi-
tion state, is also energetically accessible. This leads
to the more complicated vibrational and rotational
energy distributions, and, because some of the colli-
sion energy will be released as translational energy
of the argon atom, the reactions that proceed through
complex formation will be more important in the
reactions of Ar–HCl.

4. Summary and conclusions

In this paper, we have investigated the effects of
complexation with a single argon atom on the dy-

namics of reactions of atomic oxygen and HCl.
Focusing on the reaction cross sections, we find that
for the collisions that form OH, at lower collision
energies, the primary effect of the argon atom is to
make the transition state geometry less accessible.
This has the effect of lowering the cross section for
the reactions of the complex. At higher collision
energies, the addition of the rare gas atom has two
effects. First, it increases the overall size of the
target molecule. It can also reduce the amount of
energy that is available to the products formed from
the O–H–Cl transition species. Since the cross sec-
tion decreases with increasing available energy, by
removing energy from the collision complex the
cross section for reactions with Ar–HCl are in-
creased relative to the HCl reactions. These effects
are consistent with the reported results of classical

w xtrajectory studies of the HqAr–O reactions 29 .2

Once the products have been formed, a second set
of questions can be asked regarding the effects of the
presence of the argon atom on the product state
distributions. In general, the presence of the rare gas
atom lowers the internal energy of the diatomic
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product, and, in the case of the lower energy colli-
Ž . Ž .sions resulting in reactions R3 and R2 more

energy is lost from rotation than from vibration. In
Ž .contrast, in reaction R1 , the presence of the rare

gas atom has little effect on the final internal energy
of the OH product. The differences between the three
reactions are rationalized in terms of the fact that

Ž .only reaction R1 proceeds through a long-lived
collision complex and the loss of a small fraction of
the internal energy of this complex should have a
small effect on the overall energy distribution.
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